Introduction
Sources of the Type I storms are thought to lie on closed magnetic loop systems above bipolar sunspots. Usually one sunspot is stronger than the other in the bipolar magnetic structure, and accordingly only one radio source associated with the stronger sunspot is usually observed. Occasionally however a double radio source is observed in conjunction with the bipolar sunspots. In such a case the double radio source should be intrinsically bipolar, viz. the two components should emit opposite senses of circular polarization (in this paper we use the word polarity for simplicity).
In a double source the ray to the observer from the far source (the one farthest from the observer) usually passes through a quasi-transverse (QT) region, which is a region where the angle between the magnetic field direction and the ray direction changes from acute to obtuse or vice versa. Under certain conditions the polarity can reverse while the ray traverses this QT region, as shown by Piddington and Minnett (1951) . If polarization reversal always occurred at a QT region we should observe a sudden reversal of the observed polarity near the time of the central meridian passage (CMP) of the source region (as the far source becomes the near source and vice versa) in every Type I storm which has a double source structure. Such a polarization reversal at or near the CMP as predicted by Martyn (1946) has never been observed at metre wavelengths. Cohen (1960) has shown that the polarization reversal at a QT region should occur only when the mode coupling (which is determined by the magnetic field strength, the scale length for changes in the magnetic field, and the electron density) at the QT region is weak. Melrose (1973) , applying Cohen's theory and considering a frequency of 100 MHz, has concluded that the polarization reversal should always occur if a simple magnetic loop is considered with radio sources at the plasma frequency level; factors other than the simple magnetic loop system are needed to explain the observational fact of the non-occurrence of the polarization reversal at the CMP.
The inverted-U variety of the Type III burst is believed to be caused by electrons travelling along a closed magnetic loop. This belief is supported by radioheliograph observations showing displaced positions between the forward (ascending) and reverse (descending) arms (Labrum and Stewart 1970; Sheridan et al. 1973; Suzuki 1978) . Then the polarization of sources in the forward and reverse arms of the U-burst should be similar to that of the bipolar source in the Type I casei.e. we should observe the same polarity in the two arms if the polarization reversal occurs at the QT region, and opposite polarities if it does not occur.
The observations show conflicting results between low-and high-frequency U-bursts. In low-frequency bursts the degree of polarization of the reverse arm is usually too low to allow a reliable measurement. However, when measurements are made, mainly at or below 80 MHz, the observed polarities of both arms are always opposite (Sheridan et al. 1973; Suzuki 1978; Suzuki and Sheridan 1977) (so far only one exception has been seen -in a rather special event at the limb).
On the other hand, Benz et al. (1979) , measuring the polarization at 237 MHz, reported that the majority of their high-frequency U-bursts showed the same polarity in the two arms. It was suggested that the difference between U-bursts occuring in different frequency ranges could be explained by different mode-coupling conditions in the different frequency ranges, but no further investigation has been done.
In order to re-examine the reason for the difference between theory and observation for U-bursts and bipolar Type I storms we consider here several simple closed-loop magnetic field configurations and derive the conditions which are necessary to produce polarization reversals as a function of frequency and viewing angle. We consider only steady-state magnetic fields and not the more general case of dynamic field systems associated with emerging flux regions (which are believed to play an important role in Type I storm events).
Our calculations are similar to those of Melrose (1973) , but the magnetic field is more explicitly defined and the actual observed source height rather than the assumed plasma frequency level is used. The plasma emission is observed from sources which appear to lie well above the corresponding plasma level as deduced from optical observations (Stewart 1976) . We assume that the emission reaches the observed source height from the true source, deeper in the corona, by some process such as wave ducting suggested by Duncan (1979) . We also assume that the radiation leaving the apparent source is predominantly in the ordinary mode. Consequently the ray path between the apparent source and the observer is assumed to be a straight line -i.e. the effect of the refraction is neglected. Cohen (1960) has shown that the sense of polarization reverses at a QT region when the mode coupling is weak there. This will occur when the magnetic field strength B at the QT region exceeds a critical value, B c (gauss), derived from Cohen's formula as 
Condition for Polarization Reversal

Model Calculations
The curves of Figure 1 show the shape of the magnetic field lines in the x-y plane containing the observer and a magnetic dipole which is lying horizontally on the photosphere. It is assumed that the Sun's atmosphere has no effect on the field -i.e. that the equations for the free space are applicable. The shape of the curve in this single dipole model can be expressed in a polar form as r = r 0 cos 2 <t>, where r" is the radius vector at (j> = 0.
We now place a bipolar radio source S,, S 2 at (x"y s ) and (~x"y.) separated by d = 2x" and consider the case when the ray S 2 P from the far source to the observer (whose viewing angle is 8) intersects the magnetic field at right angles at the point T(x T , y T ). We can calculate x T and y T as the field shape is defined.
We find B c at T as follows. The direction of the field at M, the point of intersection between the ray path S 2 P and the y axis, is parallel to the horizontal axis OX. Consequently i fr = (it 12 + 6) at M and, by definition, i/* = rr/2 at T; then L is given by
L ~ MT (km) .
6 (rad)
The electron density N. at T is obtained from the height R T = \xl + (Vr + 1) 2 I /2 = Or + 1) by assuming an We normalize the field strength at T to that at a fixed reference point -here we choose its position as (x = 0, y = 10.51 R 0 ) , or (r = 0.5 R Q , <t> = 0) in polar form -and denote it as B 0 5 . Figure 2 shows an example of the results of our calculations f o r / = 160 MHz, y, = 0.4 R 0 and d = 0.3 R G . The curves are the plot of B c 0 5 (critical value of B os ) against 8. Polarization reversal should not occur in the hatched region of this diagram because the actual B 0 5 is less than B c0 5 , and a bipolar radio source in this region should be observed as bipolar. We call this region the bipolar region. In the hatched region (unipolar region) an intrinsically bipolar source should be observed as a unipolar double source. From our assumption that the observer is in the x-y plane, the viewing angle 8 is at the same time the position of the source on the Sun. (In this paper we sometimes express 8 in terms of the day number from the CMP as shown at the top of Fig. 2 , but strictly speaking the day number is applicable only in an ideal case.) Thus the diagram can also be interpreted as showing how an intrinsically bipolar source should appear when it moves across the solar disk. The filled and open circles are provided to help visualize the expected polarities to be observed in the two members of the double source.
Generally the source should appear as a unipolar double source while it is in the eastern part of the Sun, as a bipolar in Figure 2 as an example, the transitions from a unipolar double to a bipolar and from a bipolar to a unipolar double are expected to take place at ~ (CMP-2.6) day and ~(CMP + 2.6) day respectively. The region should be observed as bipolar for -1 0 days ( ± 5 days of the CMP) if B oi = 0.5 G, and for only ~2 days ( ± 1 day if fl 05 = 10 G. Actually however a further correction is necessary, especially at large 6, because the plasma frequency approaches / (Melrose 1974) . The error due to the omission of this correction in the 2-times Saito model shown above is not large for our present purposes. It should also be noted t h a t / i n our calculation is the observing frequency, and that the result is the same whether the observed emission is fundamental or harmonic provided that the assumed source height is adequate.
We have made similar calculations for three other models: (1) the single dipole model but with the dipole tilted from horizontal to simulate an asymmetrical field; (2) a symmetric pair of dipoles (two vertical dipoles with equal intensity and opposite polarities); and (3) an asymmetrical pair of vertical dipoles (with unequal intensities). Suitably modified versions of equations (2) and (3) were used, and in some cases it was necessary to solve them graphically. The results, which are not given here, do not differ greatly from those shown in Figure 3 . The main differences are that the bipolar region at lower frequencies is wider in the double dipole models than in the single dipole model, and that the bipolar region is shifted in the asymmetrical models, but its width does not change significantly.
Observations and Discussion (A) Inverted-U bursts
The difference in the polarization characteristics between the low-frequency and high-frequency U bursts mentioned in the introduction can be explained by referring to Figure 3 .
At low frequencies the bipolar region predominates unless the field is very strong. Consequently the majority of the lowfrequency U-bursts should show opposite polarities in their two arms except possibly at or near the limb. On the other hand, the unipolar region predominates in the high-frequency range; at 237 MHz, for instance, the width of the bipolar region is only -± 1 day or less if the field strength at 0.5 R 0 is > 1 G. So the majority of U-bursts observed in this frequency range should show the same polarity in their two arms. The minority which occur in a quite limited region around the centre of the Sun should show opposite polarities in the two arms. These predictions fit the observations well. (B) Type I storms and the strength of the magnetic field It is seen from Figure 3 that the polarization reversal may or may not occur depending upon the magnetic field strength, the frequency, and the viewing angle. Certainly the rapid reversal from a unipolar double of one polarity to another unipolar double of opposite polarity at the CMP as predicted by Martyn (1946) should not occur unless the field is unreasonably strong. One would therefore expect that there should be a bipolar stage in between the unipolar double stages.
In such cases it should be possible to determine uniquely the magnetic field strength if we could measure the width of the bipolar region shown in Figure 3 by observation. To do so it would be necessary to pinpoint the transition points from a bipolar to a unipolar double or vice versa at some distance from the central meridian. In practice however there are various observational difficulties associated with identifying and confirming the existence of double sources at large 9 . These difficulties include insufficient angular resolution and the nature of the source characteristics; for instance, one member may be active at different times, and the degree of polarization of both members decreases with increase of viewing angle. Another problem arises because the instrumental sidelobe level due to the stronger source may be comparable with the intensity of the weaker source, making it impossible to confirm the existence of the weaker component.
If it is possible to observe only the bipolar sources, we can determine only the lower limit to the width of the magnetic field strength. As yet no unambiguous cases of transitions from unipolar (or vice versa) have been reported.
We now consider some published observations of bipolar storm sources and apply the arguments developed above to estimate an upper value to the magnetic field strength in these instances. The Type I storm of 1959 January (Fokker 1960; Suzuki 1961 ) observed at about 200 MHz is a good example of a bipolar source. It was observed as bipolar for about 3.5 days around the CMP, from which we deduce from Figure 3 that So s $ 1G. Several cases of bipolar sources observed at 80 MHz with the Culgoora radioheliograph were reported by Kai (1970) . One, occurring on 1968 October 22, was near the limb and its observed height was unusually high (-1.1 R©); we cannot use Figure 3 directly for this case (as it is for heights of 0.8 RQ at 80 MHz), but from a new calculation, with height 1.1 R 0 and 6 = 90°, we find B 0 ." < 1.5 G. Very often at 80 MHz the observed orientations of bipolar radio sources are suggestive of twisted magnetic loops, as reported by McLean and Sheridan (1972) . Our two-dimensional analysis cannot be applied directly to such cases.
These upper-limit values compare reasonably well with published values of magnetic field strength above active regions such as reported by Dulk and McLean (1978) , whose empirical formula gives B = 1.4 G at R = 1.5 R© .
Conclusions
It has been shown how an intrinsically bipolar radio source in a closed-loop magnetic field should appear in terms of its position on the Sun and the observing frequency. Generally three stages (unipolar, bipolar, and another -but opposite sense -unipolar) are expected to be observed while the source traverses the solar disk from the east limb to the west limb.
The calculations have been applied to the observed positions of several bipolar Type I sources, and an upper limit of the magnetic field strength has been deduced as about 1-1.5 G at R = 1.5 R 0 .
The results presented here can also explain the observed difference in the polarization characteristics between lowfrequency and high-frequency inverted U-bursts. (Fig. 1) . They suggested that the distribution was a product of propagational selection, being in some way dependant on the nature of the type II source mechanism as well as the manner by which the radiation reached the observer. On this basis they argued that the number of type II bursts that occurred near central meridian and near the limb was underestimated.
On the Longitudinal
A more recent longitudinal distribution of type II flares compiled from a larger data sample (580 bursts of which 453 could be associated with H-Alpha flares) was presented by Dodge (1975) . His distribution (Fig. 1 ) resembled Svestka's insofar as it showed similar but less marked deficits near central meridian and near the limb. Furthermore he found that most type II bursts were associated with small flares and he pointed out (by referring to Fig. 6 of Smith and Smith (1963) ) that these had a longitudinal distribution 'remarkably similar' to that of type II flares. This suggested that the deficits in the numbers of type II flares near central meridian and near the limb were due simply to the reduced visibility of all small flares at these locations. (This point apparently was overlooked by Svestka and Fritzova -Svestkova (1974).) Although this is true qualitatively, the longitudinal distributions of flares in Fig. 6, Smith and Smith (1963) that are referred to by Dodge are not directly comparable with his results for two reasons:
(a) Smith and Smith present longitudinal distributions of flares within ranges of measured area (uncorrected for areadependant foreshortening). These differ considerably from
